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ABSTRACT 
Title o f  thesis: Consideration of Some Aspects of Two Methods 
Used to Study Ion Association 
Richard Karl Gard, Master of Science, 1973 
Thesis directed by: David W. Ebdon, Associate Professor of Chemistry 
An investigation was made into the possibility of 
determining thermodynamic ion association equilibrium constants 
for salts important in the study of seawater using spectro-
photometry and ion selective electrodes. Calcium sulfate was 
used as the test salt. The success of the spectrophotometric 
method was found to depend upon the choice of a suitable 
indicator and refinement of the proper instrumental techniques. 
The indicators investigated were 1- ( 2'-hydroxy-l'-benzeneazo ) -
2-hydroh-ynaphthalene, 1-(2'-hydroxy-5'-chloro-l'-benzeneazo ) -
2-hydroxynaphthalene, and ammonium purpurate ( murexide ) .  
Ammonium purpurate was found to be the most suitable indicator. 
Spectra of these three indicators and their calcium complexes 
at pH 10 are included in the paper. The ion selective elec-
trode method was found to be unsuitable due to complications 
that arise in treating the data they provide. 
vii 
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D dielectric constant 
Dye I l-(2'-hydroxy-l'-benzeneazo)-2-hydroxynapthalene 
Dye 
e 
II l-(2'-hydroxy-5'-chloro-l'-bezeneazo)-2-hydroxynaphthalene 
electronic charge ( 4.803 x lo-lO esu) 
E mem potential developed across the membrane of a specific 
ion electrode 
E 0 reference potential 
F Faraday's constant 
k Boltzmann's constant 
KA 
q 
thermodynamic association constant = Cion pairJ 
Ccationj Caniori:/(2 
distance from the central ion at which the probability 
of finding an oppositely charged ion is at a minimum 
r distance measured from the central ion 
R universal gas constant 
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z, charge on the ith ion l. 
zk charge on the kth ion 
6max molar absorptivity coefficient at �ax 
lrnax wavelength of maximum absorpt�on 
mean ionic activity coefficient 
viii 
INTRODUCTION 
Recent studies to determine the speciation in seawater1 
have required knowledge of thermodynumic as�ociation constants 
for some common inorganic salts. Many of these values ar� 
either in dispute or completely unknown. A review of some of 
the data available is given in Table 1 .  This dilemma exists 
partly because different methods that are used to dete1mine or 
calculute association constants often yield different results 
for the same salt. Certainly a somewhat interrelated problem 
is that there is no theory to explain unequivocally the exact 
nature of an ion pair. Since much of the data reported in 
ion association work is not measured directly but obtains its 
final form only as a result of the application of approximations 
or theoretical assumptions that may or may not be valid, it is 
especially valuable to develop methods that allow direct 
measurements of the concentrations of the species involved in 
the ion association without resorting to corrections for 
activity effects. One such method is a spectrophotometric 
technique. 
Upon inspection of Table 1 it can be seen that associ­
ation constants for calcium sulfate have been determined using 
1 
2 
Table 1. Logarithms of thermodynamic association constants 
for some salts important in the study of seawate r . 213 
Sul fates: Method 
Mg 
Ca 
K 
Na 
S r  
2. 22 
2 . 21 
2 . 27 
2.27 
2. 31 
2 . 28a 
0.85 
0.96 
0. 72 
2 . 1ob 
2 . 55 
ultrasonics 
conductance 
conductance 
cation exchange electrode 
solubility 
conductance 
K+ glass electrode 
conductance 
conductance 
solubility 
cation exchange e lectrode 
All values are for 25° C .  unless otherwise noted. 
The medium for all cases is water extrapolated or 
corrected to zero ionic strength. 
al8 ° C. 
3 
various methods and are fairly well agreed upon . Hence, it was 
decided to devise a spectrophotometric method for obtaining an 
association constant for calcium sulfate in order to see how 
well it would agree with the results from other methods and to 
determine i f  the technique could be extended to other divalent 
ion salts and possibly even to the sodium and potassium salts. 
Also, calcium sulfate was seen to be a very good test salt 
because it was felt that a standard spectrophotometric procedure 
could be readily adapted, or a new method easily devised to 
analyze for free calcium ions due to the well known ability of 
many o f  the divalent metal ions to form complexes of various 
stability with a wide range of organic dyes and indicators . This 
in turn would provide the direct measurement of free metal ions 
required to deduce association constants. In addition to using 
the light absorption method, it was planned to investigate the 
possibility o f  obtaining similar information on ion association 
from the more recently available method of ion selective elect­
rodes. However, this approach was considered somewhat less 
promising since the technology and theory behind it are still 
in a developmental stage and since it does not measure concen­
tration directly but gives the activity of the ion to which 
it is sensitive , thereby introducing some complication into 
deducing association constants from the data obtained. 
Historical Background 
4 
Theories of ion association: In 1923 Debye and Buckel 
proposed a model for a dilute electrolyte solution which 
assumed rigid , completely dissociated, spherically symmetrical 
ions with centrally located point charges in a medium of un­
iform dielectric constant. The charge density at a point 
around a given central ion was represented by the Boltzmann 
distribution law. This expression for the charge density was 
then substituted into Poisson's equation. In order to facili­
tate the integration required to obtain the electric potential 
as a function of the distance from the central ion, the expo­
nential Boltzmann term was expanded in a series from which only 
the first two terms were retained. This approximation is 
valid only if the argument of the exponential i s  much less than 
one. Hence , the Debye-Huckel treatment of the problem was 
restricted to dealing with cases in which the energy of elec­
trical interaction between two ions is much less than their mean 
thermal energy. Therefore, the theory is not applicable to small 
ion.s, ions of high valency, or media of low dielectic constant. 
5 
Later, other workers4 showed that the Debye-HUckel approach 
would agree much better with experiment if the complete solu­
tion to the Poisson equation were used without resorting to 
an approximation . These more exact solutions are in the form 
of a converging series, and are too mathematically complex to 
be evaluated easily without the aid of a computer . 
In 1926 Bjerrum, using the Debye-Huckel model, devised 
an approach to the problem which was not restricted by these 
limitations by considering the probability of finding an ion 
at a dis tance r from the central ion. This probability dis­
tribution is represented in Figure 1. For oppositely charged 
ions the probability passes through a minimum at point q given 
by: 
q = 
2DkT 
This.implies that the work of separating the ions to a distance 
q is equal to 2kT or four times the mean kinetic energy per 
degree of freedom . Hence, Bj errum proposed that the value q 
be given special significance such that ions separated by a 
distance less than q be regarded as an ion pair . Ions separated 
by a distance greater than q would be considered free, and for 
6 
w 
10 20 30 
r 
Figure 1. The probability W of finding an ion at a d istance 
r from a give n central atom. Curve 1 is for un­
charged particles. Curve 2 is for oppositely 
charged ions. 5 
7 
these ions the Debye-Huckel treatment would be applicable. 
Further research since 1926 has revealed many dis­
crepancies between the Bjerrum theory and experiment .  In 
addition to this, complications have arisen in the study o f  
ion association that were not predicted b y  the Bjerrum theory. 
Doubly-charged ions appear to alter the structure o f  water, 
and the force between two such ions at distances around 4 �. 
such as predicted by the Bjerrum theory, is not represented 
correctly by a simple coulombic force. Also, ultrasonic data 
seem to suggest that more than one type o f  ion pair is present 
in such cases. 6 This failure o f  the Bjerrum theory is not 
surprising, since the model on which it is based describes an 
ideal case. 
Use of light absorption: Early investigators into 
the properties o f  electrolytes found that solutions o f  cer­
tain colored salts obeyed Beer's law; therefore, they cited 
this as evidence that electrolytes are completely dissociated 
in solution. Later, a fter development o f  better techniques 
o f  measurement and the accumulation o f  further data, it was 
shown that this behavior was far from the general rule and 
that optical properties often were not additive . Jacobs and 
King7 have undertaken a very thorough review of this history. 
8 
Since many salts of interest are transparent in the visible 
range, it was not until the development o f  ultraviolet spec­
trometers that spectrophometric methods came into wide use . 
Many salts have been studied using this tool. A representa­
tive articles details how association constants of some uranyl 
salts can be derived from ultraviolet measurements and dis­
cusses instrumental errors and techniques. Also , acid-base 
i ndicators have been found to be useful i n  obtaining measure­
ments on equilibrium systems that are not easily accessible 
by other means . By using bromophenol blue as an indi cator, 
Stock and Davies9 have determined dissociation constants of 
eight di fferent diva lent cations with a malonate anion . 
Ion selective electrodes : The latest analytical tool 
that has been used to study ion association equilibria is the 
speci fi c  ion electrode . Kester and Pytkowicz10 have done much 
work to perfect this technique and have applied it to deter­
mine stoichiometric association constants for calcium sulfate 
at an ionic strength of 0 . 67 .  Nakayama and Rasnickl l  have 
also used calcium ion sensitive electrodes to obtain thermo­
dynamic equilibrium constants for the calcium sulfate system . 
The design and function of these electrodes has been discussed 
by Ross . 12 Genera lly, the electrode consists of a tube 
9 
container abouL one centimeter in diameter sealed at the lower 
end with a membrane. Depending on the design, various amounts 
of liquid ion exchanger are added to the tube to cover the 
membrane. A typical ion exchange solution is 0. 1 M in the 
calcium salt of didecylphosphoric acid dissolved in di-n-
octylphenyl phosphonate. In the electrode described by Rossl2 
electrical contact is made to this organic phase by a narrow 
glass tube containing 0. 1 M aqueous CaC12, 2% agar gel, and a 
Ag-AgCl electrode. The potential across the membrane is then 
given by the Nernst equation as: 
2+ 
= + RTlog(activity of Ca in sam�le) Emem Eo 2F activity of internal ca + 
STA'I'EMENT OF THE PROBLEM 
This research has three objectives: 1) to select a 
suitable organic canpourd to serve as an indicator for the 
determination of free calcium ion; 2) to construct a pro­
cedure that implements this indicator in the most efficient 
way in order to extract association constants from spectro­
photometric data; and 3 )  to explore the desirability of using 
ion selective electrodes to obtain thermodynamic association 
constants . 
The ideal indicator that is being sought.is visualized 
as having the following properties: 
1 )  The indicator works most efficiently a round 
pH 8. 
2 )  It is sufficiently water soluble and works well 
in aqueous solution. 
3 )  It forms a calcium complex with a stability 
constant in the range of 200. 
4) .The indicator and its calcium complex have a 
substantially different Emax' preferably 
with the calcium complex having the larger 
�max· 
10 
5) The indicator and its calcium complex have 
approximately the same Amax· 
11 
6 )  Both the indicator and its complex conform to the 
Beer-Lambert law atj?max· 
Furthermore, an instrumental technique is required 
in which the temperature is carefully control led, and a 
relative error of less than 3% can be expected. 
INDICATOR SELECTION 
At the beginning of this research an indicator was 
available that offered very promising possiblities for the 
purposes of this work. This initial choice was murexide, 
which is the monoammonium salt of purpuric acid. The struc -
ture of this acid is: 
Since it forms a highly colored complex with calcium ion, 
murexide has been used in a wide range of applications and 
quite well studied as a colorimetric indicator for calcium 
13,14 , 15 
determinations. Subsequent unsuccessful attempts to 
obtain satis fying results using murexide diminished the initial 
enthusiasm about it somewhat. Although it was still considered 
as pos sibly of some use, its implementation would not be as 
straightforward as had previously been hoped. Hence, the de-
cision was made at this point to make a thorough search of 
the l i terature for other indicators that might be more desirable, 
using the cri teria listed in the previous section of this 
paper. This search was expedited by.using as a reference an 
12 
. ' l  . f b'l' 213 A l  extensive corrpi ation o sta i ity constants. so, a 
compute r  program was written to estimate the suitabi lity of 
an indicator given its spectral constants and stabi lity 
13 
constant with calcium ion. This program is listed in Appendix 1. 
In the course of this investigation many different 
substances were considered, but one stood out as potentially 
having the most favorable characteristics. This was the azo 
dye, l- ( 2'-hydroxy- l'-benzeneazo)-2 -hydroxynaphthalene ,16 
herein referred t o  as dye I. This dye is not commercially 
available but can be made from readily available .materials. 
Also synthesized was the chloro derivative of this dye, 
l- ( 2'-hydroxy-5'-chloro-l'-benzeneazo) -2 -hydroxy-naphthalene, 
herein referred to as dye II. However, several attempts to make 
the nitro analog were unsuccessful. Also discovered in this 
review was a less desirable second choice, o(-carboxy-�-methyl­
tropolone, 17which has the structure: 
EXPERIMEN'l'AL 
Apparatus 
All melting points were take� on a Thomas Hoover 
capillary melting point apparatus and were uncorrected. 
pH measurements were taken using a Corning pH electrode 
with a calomel reference on an O rion model 801 digital 
pH/MV meter. The same meter was used in conjunction with 
an O rion single j unction reference electrode model 90-01 
and an O rion divalent cation electrode model 92-32 for 
calcium ion measurements. The cell in which measurements 
were taken was maintained at 25° c. ± .05° by a Forma 
Scientific model 2905 heating and cooling circulator. This 
circulator was also used with a temperature controlled cell 
compartment accessory for spectrophotometric measurements 
on an Hitachi Perkin-Elmer 139 lN/VIS spectrophotometer. 
A minimum four hour warmup period was allowed for the instru­
ment, and the mirror and photocell assembly were adjusted prior 
to each experiment for optimum performance. All solutions used 
to make up samples were filtered to reduce turbidity. Cells 
were cleaned with detergent, rinsed thoroughly with distilled 
water, and allowed to air dry. Cells with as close a match as 
14 
15 
possible were chosen immediately prior to use. It was found 
that the cell tray in this instrument exhibited a 1-2 mm play 
and that readings were not reproducible. Hence, the tray 
was anchored to the movable base and only one position was 
used for all measurements. Visible spectra were recorded on 
a Beckman DB-G spectrophotometer with a model 1005 10" re­
corder. Infrared spectra were taken using KBr pellets on 
a Perkin-Elmer 3 3 7  grating infrared spectrophotometer. NMR 
spectra were recorded using a Varian T-60. Indicator samples 
were weighed on a Mettler H20 semi-micro automatic balance. 
All other weights were taken on an Ainsworth type 10 auto­
matic balance. 
16 
Preparation of Dyes 
The azo dyes were made according to the general scheme 
described by Diehl and Ellingboe, 16 using suggestions obtained 
from a technical manual on dyes. 18 The specific procedure 
used was adapted from a textbook synthesis of phenyl-azo-
2-naphthol .19 
Dye I :  Five grams of o-aminophenol was dissolved in 
32 ml of 6M HCl in a 250 ml beaker. The beaker of solution 
was then placed in an ice bath, stirred with a magnetic stirrer, 
and allowed to cool below 5° C. Also chilled to 5° C. were a 
solution of 4 grams of sodium nitrite in 20 ml of water in a 
100 ml beaker and 8 grams of 2-naphthol in 45 ml of 10 per cent 
sodium carbonate solution in a 400 ml beaker. The sodium nitrite 
solution was then added a few milliliters at a time with constant 
stirring to the solution of the phenol. The endpoint of the 
diazotization was determined using starch-iodide paper. A 
small amount of sulfamic acid was added to remove any unreacted 
nitrous acid. This solution was then added very slowly, dropwise, 
to the well stirred solution of 2-naphthol and left to react 
in the ice bath for an hour. The reaction mixture was then 
filtered through a Buchner funnel with gentle suction, washed 
1 7  
well with water, and drained. Purification was accomplished 
by recrystal lization from ethanol. Yield was approximately 
2 g o f  cantharides green plates o f  melting point 191° C. NMR 
and IR spectra were recorded and are consistent with the struc-
ture of the product. The IR spectrum was analyzed with the 
aid o f  an industrial handbook. 20 
Dye II: A procedure very similar to that used to make 
Dye I was used to synthesize Dye II, starting with 5 grams 
o f  2-amino-4-chlorophenol. The yield was 2.5 grams o f  metallic 
brown plates o f  melting point 237° c. The IR spectrum was 
recorded and found to be very similar to the spectrum o f  Dye I, 
a lthough not identical. 
Preparation o f  Solutions 
Stock solutions : Solutions o f  Cacl2, MgC12, Na2so4, 
I 
CaS04, and NaCl were prepared by the weight dilution method 
using reagent grade salts. These solutions were then standar-
dized by exchanging an aliquot of each salt solution through 
an analytical column o f  Dowex-50 exchange resin, then titrating 
with s tandard base. Buffer solutions o f  pH 8, 9, and 10 were 
prepared using the method o f  Robinson and Stokes.2 1  
OH 
x 
OH 
NH2 
NaN02 
HCl ,  "? C. 
+ 
N2 Cl OH 
OH 
0 
x 
0 + ·O 0 
OH 
N=N 
Dye I: X = H 
Dye II: X = Cl 
HO 
0 
·o 
Figure 2 .  Reactions 
18 
N2 
+ 
Cl 
s0 c. 
> 
Figure 3. Nuclear magnetic resonance 
spectrum of the product 
from the diazonium reaction 
between o-aminophenol and 
2-naphthol. 
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I ndicator solutions : Stock solutions of the indicators 
were not prepared because of their instability in solution. 
Murexide solutions were prepared by weight di lution using 
commercially available indicator without further purification 
and stored at s° C .  if not used immediately . Solutions of the 
azo dyes were prepared by dissolving small portions of the dye 
less than . 1  mg into a few drops of 3M NaOH and diluting to 
100 ml with pH 10 buffer. This process gave a saturated solu­
tion of the dye which was filtered and used without dilution 
for observing the spectra in the case of dye I .  The saturated 
solution of dye I I ,  which is somewhat more soluble than dye I ,  
was then diluted fourfold. Solutions of the calcium complex 
of each dye were prepared in the same way by substituting a 
buffer solution that was . 001 .M in Cacl2. 
Purification of water 
All water used to make up solutions was obtained from 
an all-glass Corning AG-lb water distillation apparatus using 
the house deionized water supply as a feed stock . 
Spectrophotometric procedure 
Murexide was used as the indicator for two different 
methods. Method I involved measurement? at approximately 
pH 8 and method I I  involved measurements at pH 10. Both 
2 5  
methods were found t o  be unsuitable for obtaining the in fonna­
tion desired . 
Method I: Duplicate sets of solutions of murexide 
having concentrations from 1 X 10-5 to 5 X l0-5M were prepared 
by volumetric di lutions o f  an indicator solution of murexide 
such as described on page 24 . The calculated amount o f  calcium 
chloride solution was added to each solution of one set before 
dilution so that the concentrati on of calcium ion in each 
would be . 01 M upon dilution. �Max was determined for the 
set containing calcium and for the set containing only dye 
using the Hitachi Perki n-Elmer spectrophotometer . The absor­
bance of each solution at these two wavelengths was then deter-
mined and the resulting data fitted to Beer's law plots. 
This procedure was repeated three times and resulted in the 
molar absorptivities listed in table 2 .  Six soluti ons were 
prepared having the composition tabulated in table 3. All 
six soluti ons were found to be in the range o f  pH 7.8 and 
were unadjusted. The absorbance of each of these six solu­
tions was determined at 518 and 483 nm . Absorbance at both 
wavelengths was assumed to be addi tive ; henc e ,  by using the 
molar absorptivi ties previ ously listed .and values for the known 
compositions of the solutions, stabi lity constants for the 
2 6  
-4 Table 2 .  Molar absorptivities ( x  1 0  ) of murexide and the 
Ave. 
*Not 
5 1 8  
l. 28 
1 . 3 3 
1 . 3 3 
1 . 3 5 
1. 32 
c.:aJ.cium complex of murexide at wavelengths of 518 
and 483 nm . 
Murexide Murexide in . 01 M CaC12 
483 518 483 
. 915"' .945 1.93 
. 8 18 . 9 34 1 . 94 
. 82 0  . 940 2 . 05 
. 8 07 . 9 3 3  1 .  9 3  
. 8 15 . 9 38 1 . 9 6  
averaged 
Table 3 .  Composition of solutions measured to determine 
association constants of caso4 . 
Caso4 ( M )  
1 .  5 . 00 x i o-5 
2 .  5 . 00 x i o-4 
3 .  5 . 00 x i o-3 
4 .  
5 .  
6 .  
CaC12 ( M )  
6 . 67 x i o - 5 
6 . 67 x io-4 
6 67 x i o -3 
Murexide ( M )  
3. 20 x io- 5 
II 
II 
II 
II 
II 
Table 4 .  Composition and absorbances of solutions used to 
prepare a calibration curve at pH 1 0 .  
CaCl2 ( M )  Murexide ( M )  Absorbance ( 5 0 0  
1. 2 . 50 x lo-4 5 . 3 6  x lo-5 0 . 4 9 1  
2. 1 . 00 x lo-4 II 0 . 4 0 1  
3 .  5 . 00 x lo-5 II 0 . 2 9 0  
4 .  2 . 5 0 x lo
-5 II 0 . 164 
5 .  1 . 00 x io-5 II 0 . 05 6  
6 .  blank II 0 . 000 
nm ) 
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dye-calcium complex were determined for the samples containing 
calcium chloride. Since the samples containing calcium sulfate 
were at corresponding ionic strengths, these stability constants 
were then applied to determine the concentration of free cal-
cium ion in the calcium sulfate solutions. The concentrations 
obtained were substitiuted into a mass action expression to 
derive a stoichiometric association constant for each calcium 
sulfate solution. A Debye-Huckel plot was prepared to deduce 
a thermodynamic association constant. ( See Appendix 2 )  
Method II : Another method that was investigated was 
adapted from Williams and Moser. 22 In this procedure six 
solutions were prepared having the composition listed in 
Table 4. This was achieved by adding the calculated amount of 
' 
Cac12 solution to each of six 100 ml volumetric flasks then 
quickly adding 10 ml of 5 . 3 6 x 10-4 M murexide solution to 
each in such a way that there was less than five minutes 
elapsed time from the addition to the first flask to addition 
to the sixth flask. Each flask was filled to just below the 
mark with distilled water and shaken thoroughly . . The contents 
of each flask were transferred to 6-2 5 0  ml beakers. The 
beakers were taken in turn and mounted on a magnetic stirrer. 
28 
pH e lectrodes were immersed in the well stirred solution and 
the pH was adj usted to 10 by the addition o f  less than six drops 
of . 1  M NaOH. This process was accomplished in less than seven 
minutes for a l l  six solutions. The absorbance at 500 nm of the 
five ca lcium containing solutions were measured against the 
blank at 25° c . , and the calibra.tion curve in Figure 6 was pre­
pa red. The absorbances used to prepare this curve are in Table 4 .  
Absorption spectra of selected solutions made in this manner 
containing cac12 and caso4 were recorded from 650 nm 
to 400 nm 
using the Beckman DB-G. These spectra appear in Figures 1 1 ,  
12 , and 13. No data were obtained by this procedure for reasons 
that are discussed in the next section of this paper. 
Select-ion electrodes 
Measurements were taken in a j acketed cell at a temper­
ature of 25° c .  A special holder for the cell was fitted 
on tpp o f  a magnetic stirrer to insure that the cell would 
be returned to the same position for each reading. This 
device was designed and constructed by Mr.  Larry Shadwick. 
The cell was insulated from the magnetic stirrer with two 
layers of thermal insulation to prevent transfer o f  heat. 
The area in which the measurements were taken was covered 
Fi gure 6. 
li) 
0 Absorbance 0 0 0 
Calibration curve for calcium wi�h murexide at 
500 nm and pH 1 0 .  
2 9  
I l 
0 
li) 
0 r-l 
x 
N M 
CJ 
ro CJ 
3 0  
with a copper sheet. The magnetic stirrer, bath water, bath, 
select-ion meter, solution being tested , and aluminum foi l 
shield covering the cell were all grounded to the copper 
sheet, which was grounded to the house ground and the house 
plumbing. Holes were ground i n  a rubber stopper fitted to 
the cel l  at a slant from the verti cal to hold the two electrodes 
at a 2 0° angle to minimize the e ffect of trapped bubbles 
preventing contact with the solution and giving spurious 
readings . Figure 7 depicts this arrangement . 
Calibration o f  electrode : Three known calcium 
chloride solutions were prepared in 100 ml flasks to cali-
brate the calcium electrode. A solution was transferred 
into the cell, allowed to come to thermal equilibrium, and 
the potential of the calcium e lectrode was monitored i n  the 
MV mode on the select-ion meter. As soon as the readings on 
the digital readout were changing in a random fashion ± 0 .  1 Mv 
around a fixed voltage , that voltage was recorded. This process 
usual_ly took several minutes. Occasionally the readings 
would j ump from positive to negative or back and forth over 
a wide range of different voltages. At this point the elec­
trodes were withdrawn from the solution and all grounding 
contacts were checked. This procedure would usually return 
3 1  
Figure 7. Cross sectional diagram of setup used to obtain 
specific ion electrode mP.asurements. 
water L ___ _ 
to " 
circulator 
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to digital meter 
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the readings to norma l ;  however ,  if the problem persisted 
the electrodes were again removed ,  rinsed with d i s t i lled water, 
and dried with a Kimwipe ; and the speed of the magnetic 
stirrer was reduced s l ightly before they were replaced . 
Conditions such a s  this are usually caused by a bubble trapped 
under the electrode . After a steady state reading had been 
reached the calibrating solution was poured back into the 
flask i n  which i t  was made. The cell was rinsed with d i s ­
t i l led water and dried with a paper t owel ,  a s  were the 
e lectrodes , after which another solution was measured i n  the 
same way. 
A calibration curve was prepared by plotting the 
activity o f  the calcium ions in the calcium chloride solutions 
against the potential developed by the calcium electrode . 
Activity coeffici ents were calculated using the Davies 
equation .s The concentration, activity coefficients , activities , 
and potentials of each solution are given in Table 5 .  The 
calibration curve appears in Figure 8 .  
33 
Table 5. List of solutions and data used to prepare a cali­
bration curve for the calcium electrode. 
Concentration Calculated Activity Potential 
of activity of Observed 
CaC12 (M) coefficient calcium ions (MV) 
of 
calcium ions 
1 .  1 . 0  x io-4 . 946 9.46 x lo- s  -27. 0 
2. 1.0 x lo-3 .846 8. 46 x lo-4 - 0.6 
3. 1 . 0  x io-2 .638 6.38 x io-3 +24.6 
34 
Figure 8. A ca l i bration curve for the calcium electrode. 
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RESULTS 
Indicat_or Sc],.ection 
Dye I and dye II : These substances were not used as 
indicators in this study for several reasons : 
1 )  Very little information i s  available about 
these compounds and the information that 
has been published is conflicting and 
conflicts with the results o f  this study. 
2 )  Some very unusual properties that cannot be ex­
plained have been observed. By inspection of 
Figures 9 and 10 it can be seen that there is 
a shoulder in both spectra. Also, solutions of 
the dyes have been observed to change in both 
intensity and color drastically in an unpre­
dictable way upon s tanding over a period of days. 
3 )  The ratio o f  molar absorptivities estimated from 
the spectra is only 1 : 1 . 2  for dye I and dye II. 
4 )  These dyes are hard t o  work with due to their 
s tubborn solubility, especially dye I. 
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Murexide : 
Using method I :  Aside from the fact that the data 
obtained from thi s - procedure did not produce results that were 
reasonable from the standpoint of the commonly accepted values 
for ca.lcium sulfate ion association, this method had several 
di sadvantages. Most importantly, it did not a llow for cor­
rections due to decomposition of the dye , which is appreciable, 
especially at high pH. Also, it has been pointed out by 
Williams and Moser
22 
that murexide i s  a more sensitive indicator 
at high pH and has a maximum sensitivity at pH 11 . 3 ,  whereas 
measurements taken by this method were at pH 7 . 8. Absorption 
maxima of murexide and its calcium complex at pH 8 ,  9, and 10 
are given in Table 6. Furthermore, it was distressing that the 
molar absorptivities in Table 2 were not more reproducible since 
the results of the calcu lations were very sensitive to changes in 
these value s .  This irreproducibility is more a result of the 
characteristics of the instrument itself than the type of 
procedure ·used. Several aspects of this problem have been dis­
cussed by Goldring. 24 From inspection of Figure 12 it can 
be seen that for solutions of low calcium ion concentration 
the absorption maximum lies between the two wavelengths at 
which the dye and the complex absorb. 'l'his results in con-
42 
siderable loss in accuracy when measuring these dilute solu-
tions spectrophotometrically by method I. 
Using method I I : This technique was developed 
in hopes that it would be free of some o f  the problems in-
herent in method I .  Dy measuring solutions that were adj usted 
accurately to pH 10, the sensitivity was increased ; however , 
the stability constant of the calcium complex was also incrcased , 22 
and the chemical stability of the dye in water decreased. 
Errors due to decomposition were minimized by measuring solu-
tions against a blank prepared at approximately the same time. 
But from Figure 6 it can be seen that this method is most 
applicable to the determination o f  small amounts of calcium 
ion as the curve becomes relatively unresponsive to changes 
-4 in concentration above 2 . 0  x 10 M. Un fortunately at pH 10 
the formation of CaOH+ is significant at these low concentrations , 
and the presence of this additional undetermined chemical 
species is undesirable. This imposes a lower bound on the 
concentration of calcium ion that can be studied at pH 10. 
A compilation of the results of calculations to determine the 
lower bounds of calcium and magnesium ions at pH 8 ,  9 ,  and 10 
are given in Table 7. 
Table 6 .  Dependence of absorption maxima of murexide and 
its calcium cornplex on pH. 
pH Murexide r"'"i . ... � ... max 
8 5 2 0  
9 5 2 3  
10 5 2 5  
Complex f"I 
,..I-max 
480 
483 
5 00 
Table 7 .  Concentration limits at which formation o f  CaOH+ 
and M90H+ become signi ficant in basic solutions 
of ca2+ and Mg2+ 
pH Mg2
+ Limit 
8 10-4 
9 10- 3 
1 0  1 0-2 
11 
(M) C 2+ L. . t a imi 
· - - - -
10-4 
1 0-3 
1 0-2 
( M )  
4 3 
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I on sGlectivc electrodes 
Seven caso 4 solutions ranging in concentration from 
5 x 10-4 to 1 x 10-2 M were d measure , and activity coefficients 
for the calcium ions in each solution were calculated using 
the Davies equation. 5 This information i s  tabulated in Table 8 .  
These data, in conjunction wit� the calibration curve given i n  
Figure 8 ,  were used to calculate association constants . Only 
the most dilute solution gave a positive consta n t .  These poor 
results were probably obtained because the calculations did 
not take into account the e f fect o f  ion pairing on the ionic 
strength and because too much signj ficance was attached to 
the elect rode measurements . The readings obtained were highly 
dependent upon the local envi ronment of the c e l l ,  and the 
e lectrode potential was observed to drift s lowly over a long 
period o f  time . 
Table 8. Description of solutions measured with the 
calcium electrode. 
1. 
2 • 
3. 
4. 
5. 
6. 
7. 
Concentration 
of CaS04 ( M )  
5. 0 x 10-4 
7. 5 x 10-4 
1. 0 x 10-3 
2. 5 x 10-3 
5 . 0  x 10-3 
7 . 5  x 10-3 
1. 0 x 10-2 
Activity 
Coefficient 
of 
Calcium Ions 
. 944 
. 78 7  
. 760 
.662 
. 576 
. 521 
. 48 3  
Potential 
Observed ( MV )  
-7.9 
-3. 7 
-0.1 
+9.6 
+ 16.1 
+19.9 
+22.9 
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SUMMARY 
Spcct.rophoto;ne tric technique : Success of this tech­
nique depends on the availability o f  a suitable indicator 
which has been well studied. .Murexide could possibly give 
sati s factory results using a procedure which incorporates 
the favorable aspects of the two methods described in this 
paper .  This would probably involve measurements at pH 9 
using a molar absorptivity approach with some correction for 
decomposition. The instrumental technique used and method of 
determination of molar absorptivity coefficients should be 
patterned after the work of Davies and Prue with dichromate . 2 3  
With this method the same sample cell i s  used for all measure­
ments and is never moved , but filled and emptied by suction 
j e t .  The data is taken and treated i n  such a way that instru­
mental errors are minimized . 
Specific ion electrodes : This method i s  seen to be 
unsuitable at this time for determining reliable thermody­
namic association constants due to the complications that 
arise in treating the data they provide . They are most 
applicable in obtaining stoichiometric constants which does 
not present as many uncertainties . 
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APPENDIX 2 
Treatment of Spectrophotometric Data From Method 1 
(symbols are the same as described in Appendix 1 )  
Additional symbols used are : 
K t = apparent stability constant of calcium-indicator s complex at ionic strength I 
Kapp = apparent stability constant o f  calcium sulfate 
at ionic strength I 
CAST = stoichiometric concentration o f  calcium chloride 
CAS04 = stoichiometric concentration o f  calcium sulfate 
Measured absorbances are : 
Hence : 
1) A1 = E11Y + E21z 
2) A 2 = E12Y + E22z 
3 )  y = (A1 - E2 1A2/E22)/(E11 - E21E12/E22 > 
4) z = (A2 - El2Al/Ell)/(E22 - El2E2 1/Ell) 
First A1 and A2 are measured in a solution containing a known 
amount of indicator and calcium chloride at some 
ionic strength I ,  and Y and Z are calculated from 
equations 3 and 4 .  Kst is computed as shown below : 
5 )  K = st z (CAST - Z)Y 
Then A1 and A2 are measured in a solution containing a known 
amount of indicator and calcium sulfate at ionic 
strength I ,  and Y and Z are again calculated from 
equations 3 and 4 .  K is computed as shown below: app 
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6 )  K = app 
( CAS04 - Z/Ks tY )  
(Z/KstY ) 2 
49 
This procedure is repeated at several ionic strengths, and 
log Kapp is plotted against the square root of I .  
The curve obtained is extrapolated to infinite dilu­
tion to obtain a ther.modynarnic constant. 
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